Extracellular molecules coordinate the multiple signaling pathways spatiotemporally to exchange information between cells during development. Understanding the regulation of these signal molecule-dependent pathways elucidates the mechanism of intercellular crosstalks. CCN2/CTGF is one of the CCN family members that binds BMP2, fibronectin, aggrecan, FGFR2 -regulating cartilage and bone formation, angiogenesis, wound repair etc. Tsukushi (TSK), which belongs to the Small LeucineRich Proteoglycan (SLRP) family, binds nodal/Vg1/TGF-β1, BMP4/chordin, Delta, FGF8, Frizzled4, and is involved in the early body formation, bone growth, wound healing, retinal stem cell regulation etc. These two secreted molecules are expressed in similar tissues and involved in several biological events by functioning as extracellular signaling modulators. Here, we examine the molecular interaction between CCN2 and TSK biochemically. Co-precipitation assay and Surface Plasmon Resonance measurement showed their direct binding with the Kd value 15.3 nM. Further, the Solid-phase Binding Assay indicated that TSK binds to IGFBP and CT domains of CCN2. Our data suggest that CCN2 and TSK exert their function together in the body formation.
Introduction
Extracellular molecules provide developmental and environmental cues to individual cells. Cells detect the cues that come in the form of proteins, lipids or other small molecules, with specific receptors and the message is transmitted inside via specific signaling pathways. Specific binding between molecules and their receptors are crucial for the regulation of downstream signaling pathways (Lim et al. 2014) . Interestingly, some molecules, like Cerebrus, Coco and folistatin those are members of TGF-β family secreted in embryonic developmental stages, possess the ability to bind multiple receptors and thus activate multiple signaling cascades (Bell et al. 2003; Harrington et al. 2006; Piccolo et al. 1999) . With thousands of signaling molecules and their receptors, extracellular space appears to be complex and dynamic. Presence of a particular molecule does not always guarantee the activation of same downstream cascade. Several other molecules and receptors can compete and crosstalk in the binding and in turn influence the ultimate signal interpretation (Grotendorst et al. 2004 Connective tissue growth factor (CCN2/CTGF) and Tsukushi (TSK) are two signaling proteins that are involved in multiple biological processes with distinctive adhesion structures. CCN2 is a member of CCN protein family which is composed of four distinct domains connected in tandem, i.e., IGF-binding protein-like (IGFBP), von Willebrand type C (VWC), thrombospondin type 1 repeat (TSP-1), and Cterminal (CT) domains. TSK is a member of SLRP family. They both function as signaling molecules and have the ability to interact with multiple signaling pathways (Abreu et al. 2002; Ahmad et al. 2018; Mercurio et al. 2004; Ohta 2014; Takigawa 2013 Takigawa , 2017 Takigawa , 2018 . Both CCN2 and TSK can bind a number of receptors/signal intermediates, while BMP4 and TGF-β1 are the common binding partners. Major biological functions of CCN2 include skeletogenesis, fibrosis, wound healing and angiogenesis (Kubota and Takigawa 2007; Takigawa 2013 Takigawa , 2017 Takigawa , 2018 . TSK is involved in various developmental processes, like early body patterning, peripheral eye development, skeletal development and wound healing Ohta et al. 2004 Ohta et al. , 2006 Ohta et al. , 2011 Yano et al. 2017) . Skeletogenesis and wound healing require both CCN2 and TSK.
The importance of CCN2 in skeletal development has been confirmed by various studies using CTGF knockout (KO) mice. CCN2 has been reported to play vital role in mesenchymal cell condensation, terminal chondrocyte differentiation and early osteogenic differentiation (Arnott et al. 2011) . The timing of CCN2 expression in different bone tissues indicates its importance at different developmental stages (Song et al. 2007) . While the expression of CCN2 in different tissues is mostly regulated by TGF-β1 and BMP-2, CCN2 in turn modulates other skeletal growth factors and influences bone growth (Luo et al. 2004) . The involvement of TSK in bone development has been reported recently (Yano et al. 2017 ). TSK KO mice shows reduced growth of long bones with overall reduction of both height and body weight. Almost all the bone regions of juvenile mice express TSK, but the absence of TSK mostly affects the columnar array of chondrocytes and the growth plate -both proliferating and hypertrophic zones. Altered expression pattern of chondrogenesis markers in TSK KO growth plate cells suggests that TSK is crucial for the regulation of chondrogenesis (Yano et al. 2017) . In case of wound healing process, CCN2 and TSK appear to perform opposing functions. CCN2 regulates the fibrotic response of myofibroblasts by inducing collagen synthesis and formation of scar tissue (Shi-Wen et al. 2008) . CCN2 expression in the wound sites is always preceded by the expression of TGF-β and their simultaneous expression is essential for a proper wound healing response (Igarashi et al. 1993) . In contrast, TSK appears to inhibit TGF-β expression and thus reduce the TGF-β induced inflammation in the wound sites (Niimori et al. 2014) . The apparently opposing expression timing of CCN2 and TSK might provide a logical explanation, but the evidences at hand are not enough to make any concluding comments regarding the contrasting effect on TGF-β signal output. We have summarized the shared features of CCN2 and TSK functions in Table 1 .
In this study, we have examined the molecular interaction between CCN2 and TSK. Although they belong to different protein families, the shared biological features and overlapping expression patterns encouraged us in this study. To detect the interaction, we have employed co-precipitation assay and Surface Plasmon Resonance measurement.
Materials and methods

Co-precipitation assay
A co-precipitation assay was carried out as previously described (Ohta et al. 2004 ). Briefly, COS-7 cells were (Igarashi et al. 1993 ) (Niimori et al. 2014) transfected with the following constructs: V5-His-tagged mouse-TSK (M-TSK) (Ohta et al. 2011) or Flag-HA-tagged CCN2 (Aoyama et al. 2009 ). Transfected COS-7 cells were lysed in precipitation buffer containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 1.5 mM CaCl 2 , 1.5 mM MgCl 2 , 0.1% Triton X-100, 0.1% CHAPS, 5% glycerol, and 0.1% BSA. Cell lysates were mixed and incubated for 12 h at 4°C, followed by incubation with ProBond™ resins (Invitrogen).
Resin beads were washed with precipitation buffer without BSA or the same buffer with high salt (450 mM NaCl), 0.5% Triton-X-100 and 0.5% CHAPS. Proteins bound to the beads were subjected to SDS-PAGE and blotted onto a nylon membrane. His-tagged and HA-tagged proteins were immuno-detected using their respective antibodies [anti-His antibody (Abcam) and anti-HA antibody (Sigma-Aldrich)].
Protein production
To obtain the pure M-TSK protein, we used silkwormbaculovirus expression system (ProCube@, http://procube. sysmex.co.jp/eng/ Corporation). The coding region without signal peptide of M-TSK was inserted into the transfer vector pM24 (Sysmex Corporation) to fuse with Flag and His tags at N and C terminus, respectively. The resultant plasmid was used for expression of recombinant Flag-M-TSK-His (rTSK) in a silkworm pupa, and the expressed rTSK was affinitypurified with 100 μg/ml FLAG peptide solution. Human recombinant CCN2 (rCCN2) was purchased from BioVendor Laboratories Inc. (Brno, Czech Republic). Recombinant IGFBP domain, VWC domain and TSP1 domain of CCN2 were produced by Brevibacillus in vivo cloning (BIC) system (Higeta Shoyu Co. Ltd.). CT domain of CCN2 was purchased from Peprotech (Rocky, NJ, USA).
Surface Plasmon Resonance (SPR) measurement
Human rCCN2 was diluted to 10 μg/ml with 10 mM sodium acetate buffer (pH 4.0) and immobilized onto CM5 sensor chips (GE Healthcare) according to standard amine coupling procedures (Aoyama and Takigawa 2017) . rTSK diluted with 100 μg/ml FLAG peptide (Sigma-Aldrich) in PBS to concentrations of 46.875, 93.75, 187.5, 375 and 750 nM was injected into the flow cells. For affinity measurements, binding and dissociation were monitored with Biacore X (GE Healthcare). The data were fitted using the BIAevaluation software version 4.1 (GE Healthcare) with the single cycle kinetics support package (GE Healthcare). Binding data were globally fit to the single cycle kinetics 1:1 L binding model.
Solid-phase binding assay
Solid-phase binding assay of TSK and four domains of CCN2 was performed, as described previously . Briefly, ELISA plate coated with each domain of CCN2 was generated by incubation with 1 μg/ml of recombinant each domain of CCN2 at 4°C overnight. After washing with wash buffer, the wells of the plate were blocked with binding buffer for 2 h at room temperature. Diluted rTSK solutions were then added to the wells, and incubated for 2 h at room temperature. Thereafter, the wells were washed and incubated with Monoclonal ANTI-FLAG® M2 antibody (SigmaAldrich) for 1 h at room temperature. After washing, the wells were incubated with horseradish peroxidase (HRP)-conjugated anti-mouse Fc antibody (Sigma Aldrich, St Louis, MO) for 1 h at room temperature. The wells were added 3,3,5,5 -tetramethylbenzidine (TMB) peroxidase substrate (Sigma-Aldrich) and after 15 min HRP reaction was stopped by 1 M H 2 SO 4 . The absorbance at 450 nm of each wells were measured with SH-1000Lab microplate reader (Corona Electric Co., Ltd., Ibaraki, Japan).
Statistical analysis
Statistical analysis was performed by performing Dunnett's ttest and the One-way ANOVA test. Data were expressed as the means of three wells ± standard deviation (SD).
Results
Direct binding between CCN2 and TSK assessed by co-precipitation assay
To investigate whether TSK can bind CCN2 directly, we performed co-precipitation assays. First, we examined the expression of V5-His-tagged TSK and Flag-HA-tagged CCN2 by blotting. Consisting with the previous reports (Ohta et al. 2004 ), Fig. 1a shows the molecular weight of TSK and CCN2 proteins with tags are 43 kDa and 46 kDa, respectively. The band with the molecular weight of about 90KDa would be a dimer as described previously (Takigawa 2013 (Takigawa , 2017 . When V5-His-tagged TSK was reacted with Flag-HA-tagged CCN2, co-precipitation with nickel chelating resins specifically pulled down CCN2 (Fig. 1b) . Thus, our data show direct binding between TSK and CCN2.
The affinity of direct binding between CCN2 and TSK examined by SPR assay
The interaction between rTSK and rCCN2 was kinetically analyzed with Surface Plasmon Resonance methodology. As shown in Fig. 2 , rTSK bound on rCCN2 immobilized onto the chip. The analysis revealed that the dissociation constant value was 15.3 nM (average value of 2 independent experiments) for the binding of rCCN2 to rTSK. This affinity is comparable to the value between rCCN2 and TGF-β1 or osteoprotegerin Khattab et al. 2015 ) and a little bit lower than the affinity between rCCN2 and Decorin (Kd value = 4.4 nM in Vial et al. 2011 ).
The binding of TSK and four domains of CCN2
To investigate which domains are involved in the binding between rTSK and CCN2, we next carried out a solid-phase binding assay using rTSk and four independent domains of CCN2. As shown Fig. 3 , rTSK bound to IGFBP and CT domains of CCN2 significantly.
Discussion
The CCN family of proteins consists of six members. CCN proteins are composed of four constitutive domains (Insulinlike growth factor binding proteins-like, the Von Willebrand factor type C, thrombospondin 1 repeat, and C-terminal cystine knot) which bind different types of factors that allow specific connections to large families of cell biology regulators (Perbal 2018; Takigawa 2018 ). This tetramodular organization provides the basis for a very sophisticated array of biological properties with acute functions in cell growth, differentiation and communication. The SLRP family consists of five discrete subclasses and is the largest family of proteoglycans encompassing 18 distinct gene products and numerous splice variants and processed forms. The typical SLRP features include the presence of N-terminal Cys clusters. The SLRPs are ubiquitously expressed in most extracellular matrices and highly expressed during development. These SLRPs function both as structural constituent and as signalling molecules, regulating fundamental processes including migration, proliferation, innate immunity, apoptosis, autophagy and angiogenesis (Iozzo and Schaefer 2015) . Previously, the molecular interaction between the members of CCN and SLRP families was reported between CCN2 and Decorin (Vial et al. (46.875, 93.75, 187.5, 375 and 750 nM) were injected in ascending order of concentrations at 123, 246, 367, 505 and 628 s respectively. The Kd value was calculated from sensorgrams as described in Materials and methods. The data are representative of 2 independent experiments 2011). CCN2 and Decorin bind each other directly, and CCN2 can induce the expression of Decorin. Further, the leucine rich repeats peptide 12 region of Decorin is involved in direct interaction and inhibits CCN2-mediated activity on C2C12 in vitro. These results suggest the existence of the molecular interaction between these families. Here, we show that CCN2 can interact with TSK by coprecipitation experiment and Surface Plasmon Resonance measurement. In addition, the solid phase binding assay by using rTSK and four independent domains of CCN2 indicates the possibility that TSK binds to CCN2 via IGFBP and CT domains. Given their broad expression, CCN2 and TSK might also function in crosstalk in different tissues. We can find the glimpse of their mutual interaction as they share common interacting signaling molecules BMP4 and TGF-β. During the developmental processes both CCN2 and TSK play critical role that we find specially in skeletogenesis and wound healing events (Takigawa 2013 (Takigawa , 2017 (Takigawa , 2018 Niimori et al. 2014; Yano et al. 2017) . By regulating chondrogenesis in growth plate, TSK plays a vital role in both elongation and control of the mass of bone. CCN2 is involved in condensation of mesenchymal cell, chondrocyte and osteogenic differentiation (Takigawa 2013 (Takigawa , 2017 (Takigawa , 2018 . Both CCN2 and TSK KO mice show skeletal malformation (Ivkovic et al. 2003) . On the contrary, in wound healing process these molecules show possible different strategy to each other. Following TGF-β expression, CCN2 appears at the wound site around day 6 post injury and promotes collagen synthesis and scar tissue formation in rat (Igarashi et al. 1993) . In contrast, TSK expression at the wound site appears as early as 2 days post injury in mice. TSK KO mice showed increased inflammation due to upregulation of TGF-β by macrophages after wounding (Niimori et al. 2014 ). This indicates that TSK aids the wound healing processes by maintaining the quiescent inflammatory cells. Although expression timing is different for both molecules, still they both regulate TGF-β -for which the mechanisms are unknown. The combined effect of both these molecules in skeletogenesis and wound healing process can provide important clues for the illustration of CCN-SLRP signalling crosstalk. Fig. 3 The bindings of FLAG-tagged rTSK to four domains of CCN2 (IGFBP, VWC, TSP1, or CT) or none were measured with solid-phase binding assay by using anti-FLAG mouse Ab and anti-mouse IgG-HRP as described in Materials and methods. The absorbance values at 450 nm indicates the amount of HRP bound to wells coated each domain of CCN2 or none. Statistical analysis was performed by performing Dunnett's t-test and the One-way ANOVA test, *p < 0.001, as compared with the values for wells with 0 μg/ml rTSK. Data were expressed as the means of three independent wells ± standard deviation (SD)
